Artificial two-dimensional biological habitats were prepared from porous polymer layers and inoculated with the fungus Penicillium roqueforti to provide a living material. Such composites of classical industrial ingredients and living microorganisms can provide a novel form of functional or smart materials with capability for evolutionary adaptation. This allows realization of most complex responses to environmental stimuli. As a conceptual design, we prepared a material surface with self-cleaning capability when subjected to standardized food spill. Fungal growth and reproduction were observed in between two specifically adapted polymer layers. Gas exchange for breathing and transport of nutrient through a nano-porous top layer allowed selective intake of food whilst limiting the microorganism to dwell exclusively in between a confined, well-enclosed area of the material. We demonstrated a design of such living materials and showed both active (eating) and waiting (dormant, hibernation) states with additional recovery for reinitiation of a new active state by observing the metabolic activity over two full nutrition cycles of the living material (active, hibernation, reactivation). This novel class of living materials can be expected to provide nonclassical solutions in consumer goods such as packaging, indoor surfaces, and in biotechnology.
Artificial two-dimensional biological habitats were prepared from porous polymer layers and inoculated with the fungus Penicillium roqueforti to provide a living material. Such composites of classical industrial ingredients and living microorganisms can provide a novel form of functional or smart materials with capability for evolutionary adaptation. This allows realization of most complex responses to environmental stimuli. As a conceptual design, we prepared a material surface with self-cleaning capability when subjected to standardized food spill. Fungal growth and reproduction were observed in between two specifically adapted polymer layers. Gas exchange for breathing and transport of nutrient through a nano-porous top layer allowed selective intake of food whilst limiting the microorganism to dwell exclusively in between a confined, well-enclosed area of the material. We demonstrated a design of such living materials and showed both active (eating) and waiting (dormant, hibernation) states with additional recovery for reinitiation of a new active state by observing the metabolic activity over two full nutrition cycles of the living material (active, hibernation, reactivation). This novel class of living materials can be expected to provide nonclassical solutions in consumer goods such as packaging, indoor surfaces, and in biotechnology.
adaptable | artificial biological niche | biomimetics | functional surface | self-cleaning L iving surfaces occur in all organism's outer shell, like tree bark (1, 2) but also as lichen on rocks (3, 4) and have long been used in food preservation (5, 6) . Living surfaces show most complex responses to a variety of external stimuli and thereby provide an attractive target to the development of functional materials: The fluffy white surface of the French gourmet cheese Camembert, for example, is a living, functional biomaterial with all properties of a classical biotechnological process: Inoculation of the raw cheese's surface with the edible mold Penicillium camemberti leads to its exquisite aroma and taste [i.e. a biotechnological transformation (7) (8) (9) ]. It further prevents the contamination with other microorganisms (i.e. defense) that may spoil the cheese (9, 10) and trigger diseases (11) , while the cheese supplies nutrients to the mold (selective transport). At present, industrial biotechnology predominantly uses fungi to produce valuable products (12) or to delignify wood (13) in large tank reactors.
Transferring the complex response of microorganisms into consumer goods would require the use of microorganism as a material component (Fig. 1 ). An example of a complex behavior is active defense of a food source like in cheese rind (10) or dry meat (9, 14) through a specific mold. Inspired by this concept, we therefore designed surface structures combining inert (classical polymers) and living parts (biological organisms).
As a model organism, we choose Penicillium roqueforti confined to a planar habitat between a polymer support foil (mechanical integrity) and a nano-porous top layer that allowed nutrient transport and gas exchange (O 2 uptake and CO 2 release). The limited pore size did not allow the fungal hyphae to grow out of its predefined habitat, yet enabled exchange of small molecules (diffusion). As a conceptual demonstration, we showed that these living layers could metabolize model food spills and withstand harsh handling and prolonged periods of severe stress. Living organisms' capability to adapt to changing environments distinguishes them from classical anthropogenic materials-we demonstrated adaptation by showing hibernation (a food shortage induced waiting state of fungi; some fungal spores can outlive millions of years [15) ] and reinitiation of growth and proliferation upon renewed exposure to humidity and nutrients.
Results
The design of a living material demands three functional layers: base, living, and cover layer ( Fig. 2A and 2B ). The base layer is linked to the living layer and acts as an independent support, or links an existing substrate with the living layer as used in classical polymer science. The living layer is defined as the habitat of the living fungi. Within this part the fungi are maintained and allowed to grow. The cover layer protects the living layer from environmental influences (mechanical, chemical, biological) and vice versa. The cover layer also acts as the interconnection between the living layer and the surrounding world. Here we used polyvinyl chloride as a base layer, a living layer based on agar, and a porous polycarbonate membrane as a cover layer to allow the diffusion of gases and nutrients necessary for the growth. In preliminary tests it was observed that membranes with pore diameters of around 400 nm avoided the transfer of fungal spores and hyphae out of the living layer while allowing nutrients to pass.
Two types of living surfaces were used during this work. Lettersized specimen for qualitative proof of principal and small surfaces (7 cm 2 ) for quantitative experiments. The production of large living surfaces is shown in Fig. S1 . The fungi were first implemented into an agar layer, which can be modified through application temperature (affects the liquid viscosity) and roll or doctor blade coating conditions. Large demonstrator foils had a surface of approximately 500 cm 2 and a thickness of 300 μm. The small specimens used for mechanistic investigation had an acrylic base layer which was transparent, flexible, and had a thickness of around 100 μm. The living layer itself had a thickness of around 1.4 mm directly after application, and about 300 μm when dry (Fig. 2) . The living layer was transparent as long as few colony forming units (CFU, <300 CFU∕cm 2 ) were present in the layer, and became opaque when the mold proliferated (photographs in Fig. 3) . A membrane (10 μm; 400 nm pore size) was used as the top layer responsible for the transportation of food and gases from and to the living layer (Fig. 2C) . A top view of a partially grown living surface is shown in Fig. 2D . Food Consumption. The growth and food consumption rate of externally provided food depended on the type of food and its concentration: Testing four concentrations of potato dextrose broth (PD) with glucose concentrations ranging from 0 to 48 g∕L showed increasing growth rates (CFU end , Fig. 3 ). A starting layer with 2;000 CFU∕layer was first transparent and fungal hyphae were only recognizable under an optical microscope. After 8 d, layers with no food provided (model spills consisting of physiological saline solution; no metabolizable food) showed no change in colony forming unit (CFU) count nor an associated change in transparency. With increasing nutrient concentration, samples displayed higher fungal hyphae density and became more opaque. The glucose consumption increased similarly with increasing glucose supply. When 0.68 mg glucrose was provided, 0.64 mg was consumed within 8 d. This corresponds to a 94% reduction. From the correlation between CFU and glucose consumption, we may conclude that fungal growth was predominantly limited by the amount of provided food and not by the type of habitat, gas transport, or other transport limitation (see below). For further Behavior of a living layer exposed to differently concentrated potato glucose broths. Initially 2,000 CFU were present in a 7 cm 2 sized living surface (left). Exposure to 2 mL of indicated media (diluted PD from 0.00-47.5 g glucose∕L) led to the here shown CFU values after 8 d. On the secondary y-axis the amount of consumed glucose is shown. Insets: Photographs of the extracted 8 d old living layers. The more food was provided, the more CFU were found. This correlates to the increasing optical density shown. A constant ratio glucose consumed to CFU formed indicates that the growth is limited by the available food and not by the habitat itself.
experiments a model food spill solution with 5 g glucose∕L (PD) was chosen to characterize the fungal growth properties under various conditions.
Long-term Survival and Hibernation. The evolution of fungal growth (CFU count) within the living layer and the glucose level on top of the layer ("spill-side," user exposed) was observed over a time period of over 1 mo (Fig. 4) . At the beginning, each sample had 12,000 CFU and the nutrient had a glucose level of 4.41 g∕L. As the fungal habitat was large enough, the growth was exponential until most (>95%) provided glucose was consumed after about 11 d. At this point a surface showed a CFU loading around 45,000. The remaining 5% of glucose were consumed within 3 d down to below detection limit and initiated a 7 d starvation period. Such conditions favor formation of spores (16, 17) and the experimentally measurable CFU load almost quadrupled. To model a next use cycle, the living surfaces were again supplied with a model food spill on day 21. The glucose level decreased again in a similar way as in the first cycle with associated increase or growth (higher CFU). As in the previous cycle, starvation-induced sporulation heavily increased the total amount of CFU.
Robustness and Organism Confinement. In order to demonstrate potential application of such living surfaces in consumer exposed objects, robustness of the encapsulated fungi and its fitness/ performance is required to withstand aggressive cleaning or treatment procedures. Representative surface treatments included short sterilization with ethanol (disinfection; surface sweep with an ethanol based hand disinfection agent), standard soap, or 10 d without any nutrients under humid respectively wet conditions. Only surfaces exposed to severe dryness stress simulated through a 10 d period with no humidity supply were affected. These living surfaces were permanently harmed and no proliferation or glucose consumption was observed even after renewed supply of water or glucose even though potent fungi were found within the living layer. Extraction of the fungal material from the living layer confirmed that the fungi remained viable. Thus, the inhibition of the glucose consumption function after severe dryness may be attributed to a lack of water, potentially due to very slow rehy- (Fig. 6) . A starting CFU of 10 4.95 always led to 10 5.0-5.2 after all provided glucose (start: 8.3 mg) had been consumed (11 d) . This considerable robustness was attributed to the porous top layer, which acts as a membrane for food transportation and as a protective layer, reducing the effect of external stress and moderating changes in habitat conditions, thereby allowing the organism to adapt (e.g. sporulation or reduced metabolism in case of dryness).
The importance of transport in this system was demonstrated by a simple experiment: Exposure of living surfaces to model food spills of limited extension (e.g. spilled droplets) resulted in local activation of the living layer (Fig. 5A) . This localized nutrient consumption resulted in local, dense two-dimensional hyphae networks within the microenvironment and imaging the original area of food supply (Fig. 5B) . No fungal growth was observed in untreated regions (no model spills) or regions treated with physiological saline (NaCl 0.9% in water, no metabolizable food).
Discussion
After the confinement of fungi into the two-dimensional microenvironment only few nutrients are present. Therefore, the fungus is close to a dormant state (Fig. 1A) . In this phase, fungi are "waiting" and reduce energy intensive interaction with surroundings. By maintaining adequate conditions like humidity, the encapsulated microorganisms and especially their spores survive and can be reactivated after several months when a nutrient source (food spill, bacterial contamination) comes into contact with the surface (Fig. 1B) . The fungus consumes the "food" and proliferates within its domain (Fig. 1C) . As the fungus is confined to its thin two-dimensional polymer-based microenvironment, it cannot spread out of this habitat at any time and contaminate its surroundings. When all nutrients are consumed, the fungi may sporulate, switch back to a dormant state, and wait for new food.
The nutrient triggered growth of the fungi is conceptually related to the microorganism triggered release of pathogenic silver concentrations from polymer surfaces [self-sterilizing surfaces (18, 19) ] or modified surfaces that kill bacteria on contact (20) . Triggering enables timely delivery of action. The present example is the first eating material, an otherwise difficult to realize target structure if restricting development to conventional material science strategies.
In this work we have shown a flat, two-dimensional, flexible supported preparation of a fungi-based living material, which enables encapsulation of the fungi between polymer foils while maintaining nutrient and metabolite transfer with the exterior environment (porous top layer). The fungal development inside the living material depends only on available nutrients (from outside) and space. Depending on the nutrients on the exterior of the membrane, the fungi consume the food and grow depending on Fig. 4 . Cyclic behavior of a living surface (7 cm 2 ). At time zero, the living layer had 1;700 CFU∕cm 2 and was fed with 2 mL diluted PD (4.41 g glucose∕L). For every time point two samples were analyzed. When the glucose level reached 0.0 g∕L, one week of regeneration time was granted. At day 21 the surfaces were fed again with 2 mL PD (4.34 g∕L). As in the first cycle, the glucose content goes to zero, the CFU count goes up. The fast increase of CFU after that the renewed addition of glucose is attributed to spore formation due to starvation. The glucose consumption rate and therefore the fungal activity were even higher in the second cycle. At the end of the second cycle, the CFU count increased disproportionately strong due to sporulation. the amount of food available. In addition, the encapsulated fungi switch to a sporulation state (rapidly increasing CFU) when the food source is fully consumed. This behavior is well known from most habitats with changing food supply-here, microorganisms also survive by switching to an intermediate, dormant state. Without available nutrients the fungi can survive for several weeks using the here generated artificial biological habitat. Further improvement may prolong this period (i.e. a measure for a material's shelf life) significantly. The base layer and porous top layer (membrane) provide a species barrier in two directions: they protect the environment (e.g. a user) from direct contact with the fungi and possible contamination, but also effectively protect the encapsulated fungi from standard washing procedures with ethanol or detergents (typical hospital routine operations), or, from invading species that may compete for the here generated artificial habitat.
Conclusion
Until now, only few microorganisms are used in material science. Incorporating microorganisms in materials by providing an artificial habitat can have many advantageous effects. Here we described how a fungus can be confined in a thin environment to obtain surfaces with self-cleaning ("eating") properties. This most primitive first demonstration of a living material may later be extended to much more complex response, like bacteria triggered release of antibiotics. In that case, the here proposed systems would in principle mimic the natural ecological processes where numerous species compete for a resource. Using such competition as a design element in material sciences offers creative design opportunities. Incorporation of well-known species like fungi (P. roqueforti, Saccharomyces cerevisiae), or even algae, bacteria, or symbiotic organism like lichen would extend the enormous technical benefits of such microorganisms since the discovery of beer through fermentation of starches (malted barley, wheat, maize) by yeast (21) , or Fleming's discovery of penicillin (22) . Depending on the organism, its nutrition, secondary metabolites, or growth conditions, various forms of such living materials can lead to a plethora of application-oriented materials: Penicillin producing molds [e.g. Penicillium jensenii (23)] may lead to antibacterial surfaces, where the mold competes against external organisms. Penicillium species are further able to produce a range of toxins including PR toxin (24) , roquefortin C (25), mycophenolic acid (26), cyclopiazonic acid (27) , and ochratoxin A (28) . Incorporating these species into foils could generate surfaces displaying toxins on demand. In case of foils, fungi producing antibiotics could create near independent, self-sterilizing surfaces, producing antibiotics on demand and therefore lowering the total amount of antibiotics. On a long-term perspective, living materials may show evolutionary adaptation to complex stimuli, thereby providing adaptable behavior under a number of application conditions.
Living materials could be used in different ways. In a "dormant state competent" form they await action (e.g. eating or disinfection, see above) or may operate under steady state conditions for the production of biochemical agents, air cleaning, food production, or other harvesting systems. Due to the encapsulation, separation of the desired product is easy. Two-dimensional environments increase the available surface to the exterior and molecules may rapidly diffuse in or out of the foil, enabling efficient production.
Materials and Methods
Production of Living Surfaces/Test Samples. Cell culture inserts (Millipore, PIHP03050, diameter 31.5 mm, polycarbonate membrane, pore size 0.4 μm) were adhered by the aid of acetone to the cover standard 6-well plate (1.5 mm borehole for food supply). For the living layer an agar solution (15 g agar (AppliChem) in 985 mL water (ddH 2 O, Millipore, 18.2 MΩ cm at 25°C), autoclaved 15 min at 121°C) was heated until boiling to completely liquefy the agar. After cooling to 45°C, 6 mL of a fungi suspension was added to 40 mL liquid agar. The fungi suspension was obtained by high-shear mixing (IKA, Ultra-Turrax T18, 15′500 rpm) a fully grown Penicillium roqueforti culture in 600 mL ddH 2 O for 15 min cooled with an ice bath. To remove nutrients, the suspension was centrifuged for 5 min at RCF ¼ 1;300 (Mistral 3,000E, 2,500 rpm), the supernatant removed, and the fungi resuspended in NaCl 0.9% (B. Braun). Mixed with the liquid agar, this resulted in a dispersion containing 10 4-5 CFU∕mL. For blank samples (no fungi), no fungi suspension was added at this point. Directly after the preparation of the agar-fungi mix, 1 mL of that mix was applied to the bottom of a cell culture insert and allowed to stand for 2 h at ambient conditions. A thin layer of polymer (Dupli-Color, Aerosolart) was then sprayed onto the living layer. After 5 h drying, the samples were turned over and used for testing. This procedure led to a structured design: Base/polymer-living layer-top/membrane.
Large Living Surfaces. Ten mL of an agar-fungi mix as above was poured at 45°C onto a polyvinyl chloride film (Perlen Converting AG, Switzerland, thickness 250 μm) and a 20 × 25 cm polycarbonate membrane (Sterlitech, PCT0420030) was applied with constant low pressure (1,000 Pa) to achieve a thin spread of the agar-fungi mix. After 2 h, 2 mL potato dextrose broth (PD, Fluka), respectively 2 mL NaCl 0.9% (no food experiments) was place on the surface covering approximately 20 cm 2 . A petri dish was placed over the drops, and then the surfaces were placed in a constant climate chamber (Binder, KBF 240 ICH) at 25°C and 80% relative humidity. After 6 d the surfaces were analyzed visually.
Fungi. Penicillium roqueforti (Thom, anamorph deposited as Penicillium roquefortii, ATCC 42294, LGC Standards) was grown in 75 cm 2 T-flasks at 22°C on 50 mL PD for two weeks before usage.
Colony Forming Unit (CFU) Count. To quantify the amount of fungi in a living surface, the agar-fungi layer was pealed out and high-shear mixed (IKA, Ultra-Turrax T10, 30,000 rpm) in 20 mL deionized water (dH 2 O) for 1 min at maximum speed. A dilution row (10 0 to 10 −5 in NaCl 0.9%) was plated on potato dextrose agar plates (PDA, VWR BDH Prolabo). The plates were incubated at ambient conditions for 2-3 d before readout. A detailed procedure and validation of the method is described in the supporting information. Glucose Measurement. The glucose level was measured with a glucose and sucrose assay kit (abcam, ab65334). Briefly, a sample was diluted to the testable range (2-10 nmol∕well). 10 μL of the test solution was diluted with 40 μL of glucose assay buffer and incubated for 30 min at 37°C. After addition of 46 μL glucose assay buffer, 2 μL glucose probe, and 2 μL glucose enzyme mix, the sample was incubated for another 30 min at 37°C. The optical density was then measured at 550 nm for colorimetric assay (plate reader Tecan infinite F200). Food Consumption. Four food types were prepared by diluting PD with NaCl 0.9%. In duplicate, 2 mL of every food type was applied to small living surfaces and incubated at ambient conditions. After 8 d the supernatant broth was analyzed in respect of the glucose content and the CFU count in the living layer was determined.
Long-term Survival and Hibernation. 22 small ready-to-use surfaces were fed with each 2 mL 10% PD (in NaCl 0.9%) and incubated at ambient conditions. At every measuring point, the supernatants of two surfaces were analyzed with respect to the glucose levels, and the living lavers were extracted to determine the CFU load. After 21 d, all supernatants were replaced by fresh 10% PD (in NaCl 0.9%). All experiments were conducted in duplicate.
Robustness and Organism Confinement. Small ready-to-use surfaces were exposed to pretreatments where 5 mL hand disinfection (Lysoform, AHD2000, 80 wt% EtOH), respectively 5 mL dishwasher (Handy, 1∶1 diluted with dH 2 O) was applied to the surface. After 5 s the agents were decanted, the surface rinsed with 10 mL ddH 2 O, and rubbed dry with a Kleenex tissue applying 20 kPa.
"Ten days wet" samples were covered with 2 mL NaCl 0.9% and incubated at ambient conditions for 10 d. "Ten days dried-out" samples were incubated at ambient conditions for 10 d without any previous treatment. Directly after the pretreatment (where applicable, supernatant was removed) 2 mL of 10% PD (in NaCl 0.9%) was applied to induce grow of the fungi. A control with no pretreatment and a control with no fungi were fed with 2 mL 10% PD (in NaCl 0.9%). A control was fed with NaCl 0.9%. The surfaces were incubated at 25°C for 11 d before the glucose level in the supernatant and CFU load within the living layer was determined. All experiments were conducted in duplicate or triplicate.
Scanning electron microscopy (SEM) images were recorded on a Zeiss LEO Gemini 1530. Optical microscopy images were recorded on a Zeiss Axio Imager.M2m equipped with an Axiocam MRc.
